The cytoskeleton delivers a mechanosensory role via its integration with signaling pathways and its direct physical link to and into the nucleus. It facilitates the diversification of cell function and also the integration via its association with cell junctions of individual cells into tissues. Here we focus our attention onto the cytoplasmic cytoskeleton and, in particular, the network of intermediate filaments (IFs) . With over 70 functionally distinct IF proteins, they comprise one of the 100 largest gene families in the human genome (Omary, 2009) . IFs are distinct from microtubules and actin filaments, the two main filament components of the cytoskeleton.
They are structurally diverse and are expressed in tissue-and cellspecific, and subcellular specific patterns, e.g. keratins in epithelia, desmin in muscle, vimentin in mesenchymal cells, lamins in nuclei (Omary, 2009) . Mutations in IF genes result in more than 80 human diseases (Human Intermediate Filament Database, www.interfil. org/index.php). Highlighting the diversity of the cytoplasmic network and its subcellular distribution drives mechanistic insight into cell biology as seen for both actin microfilaments (Carlier and Shekhar, 2017) and microtubules (Lancaster and Baum, 2014; van Beuningen and Hoogenraad, 2016) − and the same applies to IFs (Omary, 2009 ). Here we propose that the cytoplasmic IF network comprises two distinct components, one that forms radial spokes (Baffet et al., 1991; Franke et al., 1987a; Geiger et al., 1983; Hibbs and Clark, 1959; Iwatsuki and Suda, 2007; Katsuma et al., 1988; Koeser et al., 2003; Staehelin, 1974) and another that forms a circumferential rim running parallel to and closely apposed to the plasma membrane (Forbes and Sperelakis, 1975; Franke et al., 1987b; Kartenbeck et al., 1983 Kartenbeck et al., , 1984 McNutt and Fawcett, 1969; Schwarz et al., 2015) . The detail and the distribution of these two components are both cell type and cell function specific, and this diversity has in part obscured our appreciation of their individual and collective role(s). We propose that the circumferential rim is contributing to the mechanical stability of the plasma membrane as well as facilitating the mechanosensory function of IFs (Hatzfeld et al., 2017; Jorgens et al., 2017) .
In some cell types, the circumferential rim interconnects adherens junctions (Fig. 1 ). One such example is the IF-desmosome system in epithelial cells, cardiac muscle and arachnoidal tissues (Garrod and Chidgey, 2008; Holthöfer et al., 2007; Jones et al., 2017) . IFs are essential to the mechanical, signaling and functional properties of tissues, as revealed by the numerous diseases caused by components of the IF-desmosome complex, for instance skin-blistering diseases (Coulombe et al., 1991; Knöbel et al., 2015; Omary, 2009 Omary, , 2016 Rugg et al., 1994; Toivola et al., 2015) (www.interfil.org). The textbook view of the desmosome-IF complex in keratinocytes is of IF bundles that interact perpendicular to individual desmosomes, thereby forming a series of radial spokes that physically link the plasma and nuclear compartments in epithelial cells (Farquhar and Palade, 1963; Staehelin, 1974; Troyanovsky et al., 1993) (Fig. 1) . As a cell-cell junction, the desmosome provides mechanical strength (Garrod and Chidgey, 2008; Harmon and Green, 2013; Nekrasova and Green, 2013; Vasioukhin et al., 2001) . Desmosomes are Ca 2+ -dependent, cell-adhesion structures (Garrod and Chidgey, 2008) found in tissues and their cells in which significant mechanical forces need to be resisted − such as in skin and the heart − forming what has been termed 'a mechanical syncytium' (Harris et al., 2014) . The desmosome is a multiprotein complex comprising cadherin-family members, such as the desmogleins and desmocollins, and anchor proteins, including plakoglobin, the plakophilins and desmoplakins (Garrod and Chidgey, 2008) . IFs attach specifically to the desmosomal plaques, which provide obvious points of cell-cell contact to focus the cytoplasmic filament networks (Franke et al., 1987a; Geiger et al., 1983; Hibbs and Clark, 1959; Staehelin, 1974) . This is achieved through their interaction with a specific IF-binding domain in the C-terminal region of desmoplakins (Kang et al., 2016; Stappenbeck et al., 1993) . The conspicuousness of the radial keratin filament component in stratified epithelia has overshadowed the presence of the circumferential rim that interconnects desmosomes and, so, their role has never been addressed in past (Castañón et al., 2013; Schmidt et al., 1994) or recent reviews (Jones et al., 2017; Leube et al., 2015) .
The circumferential IF rim is formed from a series of struts that interconnect individual desmosomes. This rim can both position and support desmosomes at the plasma membrane, as suggested by the coordinated desmosomal motility ('pearls on a string') observed by time-lapse imaging (Windoffer et al., 2002) and as evidenced in studies on keratin-null embryos, where desmosome positioning was lost in epidermal keratinocytes (Vijayaraj et al., 2009) . We suggest that the presence of the circumferential rim lends biomechanical support to the areas of plasma membrane that are located between desmosomes and that are likely to be more sensitive to rupture in disease-based scenarios, such as skin-blistering diseases that involve mutations in keratins 5 and 14 (Coulombe et al., 1991; Thornell et al., 1997) . This proposal is consistent with both the 'fragile network' (Russell et al., 2004; Werner et al., 2004) and 'sparse network' (Beriault et al., 2012) hypotheses that were proposed to help to explain the mechanistic basis to the skin blistering disease epidermolysis bullosa simplex. Both of these hypotheses suggest that the formation of keratin aggregates and, therefore, the loss of the cytoplasmic keratin filament network uncouple the desmosomes and make the epidermis highly vulnerable to mechanical stresses. Here, we draw attention to an important detail, namely that, upon loss of the cytoplasmic keratin network, the desmosomes are not only separated from the nucleus but also from each other, because the circumferential rim of keratin filaments is compromised and no longer there to assist in the positioning and tensioning between desmosomes (Fig. 1) .
Although − because of its keratin-desmosome network of filaments and junctions − the epidermal keratinocyte is the most obvious exemplar of our hypothesis, we suggest that the principle of IFs contributing to the mechanical properties of cell membranes is applicable to any situation where cytoplasmic IFs are apposed and linked to membranes in a subplasmalemmal network. IFs also function as signaling platforms (Pallari and Eriksson, 2006) and, therefore, any mechanical function might also be combined with their signaling role. The biological record evidences that, whether it be single cells as, for example, avian erythrocytes or mammalian macrophages (Correia et al., 1999) , or cells in tissues (Forbes and Sperelakis, 1975; Franke et al., 1987b; Kartenbeck et al., 1983 Kartenbeck et al., , 1984 McNutt and Fawcett, 1969) or Mechanical pressure leads to cell flattening and expansion of the depicted section. This is coupled to tightening and extension of both radial and interdesmosomal filaments. (C) In EBS, the presence of keratin mutations results in keratin aggregate formation, and is accompanied by loss of both the radial and the interdesmosomal, subplasmalemal keratin filaments, while a thickened perinuclear network remains. We suggest that the lack of the subplasmalemmal filaments allows the 'stretching of the plasma membrane' and its eventual rupture between desmosomes upon mechanical stress. (D) Arrangement of the two components (circumferential rim and radial spokes) in the keratin IF network; rims connect the desmosomal cell-cell junctions and radial spokes the desmosomes to the nucleus. In the case of those proteins linking IFs to the desmosome − for epithelia and any cell that contains desmosomes and IFs − it is the desmoplakins, plakoglobin and plakophilins that ensure IF attachment. Together they form an adaptable tension-spoke network that is important for maintaining mechanical equilibrium and sensing force changes at the plasma membrane, and transducing these to the nuclear compartment through a direct physical connection mediated by IFs.
blastocysts (Schwarz et al., 2015) , all possess a circumferential rim of IFs, so any cell missing this subplasmalemmal network will be the exception rather than the rule. The presence of a circumferential rim fits the emerging mechanosensory role(s) for cytoplasmic IFs and their networks. This mechanosensory function is not restricted to the dynamic assembly and disassembly of the filaments. IF subunits freely exchange with the filaments themselves (Herrmann and Aebi, 2016) , and both filaments and their subunits associate with signaling molecules, cell cycle factors (Escobar-Hoyos et al., 2015; Pallari and Eriksson, 2006; Pallari et al., 2011; Salas et al., 2016) and transcriptional regulators (Antfolk et al., 2017; Hobbs et al., 2015; Kerns et al., 2016) . This function also includes the mechanical properties and connectivity of the filaments themselves (Chung et al., 2013; Hobbs et al., 2016; Jones et al., 2017; Lowery et al., 2015; Nolting et al., 2014; Salas et al., 2016) .
Evidence for the subplasmalemmal rim of IFs in epithelia
In epithelia, a radial organization of IFs that emanate from the nucleus to the desmosomes is usually prominent (Franke et al., 1987a; Geiger et al., 1983; Hibbs and Clark, 1959; Koeser et al., 2003; Staehelin, 1974) . Desmosomes are also sites at which keratin filament assembly can be initiated (Bologna et al., 1986) . In the suprabasal layers of the epidermis, the radial keratin bundles that terminate at desmosomes are the most obvious feature. This is facilitated by desmosomal proteins expressed only in the moredifferentiated cells of the epidermis, such as the cytoskeletal protein plakophilin 1 (PKP1) (Moll et al., 1997) . In the basal layer of the epidermis, such radial keratin bundles are not as prominent owing to the lower desmosome density (Pieperhoff et al., 2010) . There, the circumferential rim of keratin filaments is, therefore, likely to play a more significant biomechanical role (Drochmans et al., 1978; Hibbs and Clark, 1959) and to function together with the radial struts as a single network that has a potential mechanosensory function (Hatzfeld et al., 2017; Jorgens et al., 2017) . Observations made in a study that used blastocysts derived from a knock-in mouse expressing YFP-labeled keratin 8 suggest a crucial role for interdesmosomal keratins in keratin network organization in vivo (Schwarz et al., 2015) . The keratin network is the first cytoplasmic IF network to be formed during embryogenesis, and a dotted pattern of keratin fluorescence first appears at the plasma membrane of cell-cell borders (Schwarz et al., 2015) . These dotted structures were found to be positive for desmosomal markers and are interconnected by keratin filaments juxtapositioned to the plasma membrane ( Fig. 2) , thereby comprising the circumferential rim of keratin filaments in these cells (Schwarz et al., 2015) .
Studies on the de novo assembly (Troyanovsky et al., 1993) or reassembly of the keratin filament-desmosome networks in epithelial cells take advantage of the Ca 2+ dependency of desmosomal junctions (reviewed in Garrod and Chidgey, 2008) to demonstrate the central role played by desmosomes in the organization of the cytoplasmic IF network. By using rat carcinoma cells that were first treated with Ca 2+ chelators to break the desmosome and then returned to Ca 2+ -containing tissue culture medium, keratin network formation can be initiated at the desmosomes (Bologna et al., 1986) . This revealed that bundles of keratin filaments emanate from desmosomes, indicative of the spoke-like organization of the cytoplasmic filament network (Koeser et al., 2003) . Subplasmalemmal keratin filaments that interconnect desmosomal structures were a prominent feature of epidermoid carcinoma A431 cells transfected with a chimeric desmocollin-connexin construct (Troyanovsky et al., 1993) ; this demonstrated that the keratin-binding region within the intracellular domain of desmocollin was sufficient to both nucleate desmosome assembly and to facilitate the docking of keratin filaments, whose identity was confirmed by immunoelectron microscopy (Troyanovsky et al., 1993) . Taken together, in these examples, the formation of both the spoke and rim components of the cytoplasmic keratin network is a function of desmosomes.
Subplasmalemmal keratin filaments are also present in a variety of other epithelia, as evidenced by electron microscopy (Baffet et al., 1991; Iwatsuki and Suda, 2007; Katsuma et al., 1988) . For instance, in hepatocytes, both in situ and in tissue culture, there is a pronounced circumferential rim of keratin filaments (Baffet et al., 1991; Katsuma et al., 1988) . Their presence was shown to depend upon the formation of cell-cell contacts in culture systems (Baffet et al., 1991) . Removal of the hepatocyte keratins by gene knockout (Baribault et al., 1993) or expression of dominant-negative constructs (Toivola et al., 1998) compromised the mechanical and stress-response of the liver. In bladder umbrella cells (Veranic and Jezernik, 2002) and in the exocrine cells of the duodenum (Iwatsuki and Suda, 2007) , there is also a close apposition of keratin filaments with the plasma membrane, although there are only limited details known for this association. It is possible that the keratins themselves interact directly with membranes via amphipathic helices (Ouellet et al., 1988) . Alternatively, keratins are present in and bind to lipid droplets within cells of the hepatoma cell line PLC (CRL-8024) and cells of the human epithelial colorectal adenocarcinoma cell line CaCo-2 through perilipin and other lipid-droplet-binding proteins , indicating the potential diversity in linking keratins and keratin filaments to lipid membranes. All of the above-mentioned cells contain desmosomes − probably the most prominent sites for keratin filament docking at the plasma membrane. Furthermore, in bladder umbrella cells, there is a striking association of keratin filaments with fusiform vesicles (Veranic and Jezernik, 2002) and an intricate network of filaments and membranes that allows the rapid stretching and relaxation of the apical plasma membrane (Lewis, 2000) . Whilst umbrella cell stretching is believed to be a trigger for these stretching/relaxation responses (Lewis, 2000; Truschel et al., 2002) and is used to mathematically model the responses (Moulton et al., 2016) , any mechanosensory role(s) of the keratin filament network has yet to be addressed in this highly specialized cell (Charrier and Janmey, 2016; Isermann and Lammerding, 2013) .
The importance of the subplasmalemmal rim is also evident in the polarized simple epithelium that lines the intestine. Here, the rim is more prominent than the spokes in the cytoplasmic IF network. A dense IF network termed the 'desmosomal web' (Brunser and Luft, 1970) is positioned between the desmosomal junctions just underneath the actin-rich, terminal web. Its proximity and links to the actin-based microvillar rootlets (Grimm-Gunter et al., 2009; Hirokawa et al., 1982; Salas et al., 2016; Toivola et al., 2000a,b) suggests a structural function for both keratin and actin in microvilli organization. Indeed, disruption of the keratin-desmosome network by desmoplakin knockout led to a reduction in microvilli length as well as evidencing that desmosomes were not required for keratin organization in the small intestine (Sumigray and Lechler, 2012) . This actin-IF organization is also present in the exocrine acinar cells of the pancreas, where a prominent circumferential rim is also present and apposed to an equally prominent actin network beneath the apical plasma membrane (Toivola et al., 2000a) . Interestingly, unlike other simple epithelia, disruption of the cytoplasmic keratin networks did not compromise either the organization of the acinar cells or their response to toxins despite being able to selectively remove the radial spokes whilst preserving the circumferential rim (Sumigray and Lechler, 2012; Toivola et al., 2000a) . In the epidermis, desmoplakin is required for epidermal integrity, keratin filament organization and membrane-repair-induced actin filament reorganization (Vasioukhin et al., 2001 ). This diversity in desmoplakin and keratin function with respect to both the radial and circumferential components of the cytoplasmic IF network, as well as the varying compensatory role of the subplasmalemmal actin networks (Toivola et al., 2000a) , could explain such differences. The presence of a circumferential rim of IFs is, however, evolutionarily conserved (Coch and Leube, 2016) and, in Caenorhabditis elegans, generates a network below the apical surface of the intestinal cells that form the endotube (Carberry et al., and mRFP-labelled human keratin 18 (green channel). The image was recorded with an LSM710 confocal laser scanning microscope equipped with an Airy Scan unit. Note the keratin network surrounding the nucleus (N) that is connected through radial filament bundles (spokes) to desmosomal cell junctions. By using this instrument, keratin filaments that run in parallel to the plasma membrane and connect desmosomal adhesion sites are only just visible (arrowheads), illustrating how easily this particular component of the IF network can be overlooked. (B-B″) In adjacent MDC-2K18r cells, the interdesmosomal subplasmalemmal keratin rim is only clearly identified by using super-resolution structured illumination microscopy (OMX-3D-SIM). Notice that the keratin network includes radial filament spokes (open arrowheads) and the subplasmalemmal keratin network (closed arrowheads). (C,D) Survey projection view (C) and higher magnification fluorescence images of a selected single plane from the boxed area (D-D″) of a fixed murine blastocyst obtained from knock-in mice producing YFPlabeled keratins (green) (Schwarz et al., 2015) . The blastocyst was incubated with anti-desmoplakin antibodies (red). Fluorescence images were recorded by using an LSM710 confocal laser scanning microscope equipped with an Airy Scan unit. Note the accumulation of keratin 8 at desmoplakin-positive spots and the interconnecting keratin filaments that run in parallel to the adjacent plasma membrane (closed arrowheads). In addition, thin filaments extend towards the cell interior (open arrowheads) and the nucleus (N). (E,F) Examples of electron microscopy of subplasmalemmal regions of adjacent MDC-2K18r cells derived from MDCK cells. This analysis confirms the rim component of the cytoplasmic IF network. The two distinct desmosome-associated filament systems can be clearly seen: the rims that run in parallel to the plasma membrane (closed arrowheads) and the spokes that loop through the desmosomal plaque from the cell interior (open arrowheads). (G) Electron micrograph of epidermal keratinocytes; also shown here are dense interdesmosomal keratin bundles that run parallel to the plasma membrane (closed arrowheads). Scale bars: 10 µm (A,C), 1 µm (B-B″,D-D″), 100 nm (E-G).
2012; Geisler et al., 2016) . In ciliated epithelia, the subplasmalemmal IF network is also localized just below the actin cortex, where it potentially acts as a counterbalance for cilia movement (Tateishi et al., 2017) . This illustrates the cooperativity of the subplasmalemmal IF and actin networks in regulating cell mechanics in a tissue-specific manner (Broussard et al., 2017) and also highlights the importance of the entire cytoskeleton in determining cell shape and function (Pollard and Cooper, 2009 ).
Compromised subplasmalemmal rim in skin-blistering phenotypes
Keratin mutations account for many of the diseases associated with IFs in humans (Omary, 2009 (Omary, , 2016 . In a case of lethal acantholytic epidermolysis bullosa, in which IF connections to desmosomes have been prevented by compound heterozygote mutations in desmoplakin, electron microscopy analyses confirmed that the plasma membrane "was stretched to its limits until intercellular cleavage occurred", despite the fact that desmosomal connections remained (Jonkman et al., 2005) . Here, the biomechanical properties of the epidermis were severely compromised as revealed by its inability to resist the physical stresses associated with giving birth (Jonkman et al., 2005) , highlighting the importance of desmosomes as attachment sites for keratin IFs (Vasioukhin et al., 2001) . A similar phenotype was reported for a recessive mutation in desmoplakin that lacked the IF-binding domain (Norgett et al., 2000) . The observed stretching of the plasma membrane can be explained by the loss of the circumferential subplasmalemmal keratin filament rim that normally interconnects desmosomes in the plane of the plasma membrane. Similar observations were made for mouse models with desmoplakin deficiency (Vasioukhin et al., 2001) . Although epidermal desmosome numbers in desmoplakin-knockout mice were similar to those of wild-type littermates, they did not have any keratin filaments attached to them. In addition, keratinocytes cultured from desmoplakin-knockout animals showed a significantly reduced desmosomal content and were compromised in their ability to seal their membranes during epithelial sheet formation (Vasioukhin et al., 2001) . In normal, wild-type mice, the basal cells of the epidermis have fewer desmosomes compared to cells in the suprabasal layers (Drochmans et al., 1978; Hibbs and Clark, 1959) , with more of the plasma membrane exposed and more prominent adherens junctions. Therefore, we suggest that the biomechanical contribution of the cortical rim of keratin filaments is more important in the basal cells than the suprabasal cells, where the coverage of the plasma membrane with desmosomes is greater. Moreover, the fact that the stretch response of keratin filaments is phosphorylation dependent (Fois et al., 2013) and that IFs are themselves signaling platforms (Pallari and Eriksson, 2006) , implicates the phosphorylation of IFs, and the activation of kinase cascades to transduce and amplify the mechanical signals sensed by the IFs. Together with cadherins and plakoglobin, keratins regulate the mechanoresponsive nature of cells (Weber et al., 2012) .
Interestingly, desmosomes did not split in half when cells were breaking apart in those rare cases of human lethal acantholytic epidermolysis bullosa that are caused by the loss of the keratinbinding region of desmoplakin (Jonkman et al., 2005) , but ended up being partitioned to only one of the two cells. In addition, membrane blebs were observed in the adjacent cell from which the desmosomes had been removed (Jonkman et al., 2005) . In another reported case of a naturally occurring keratin 14 knockout in a human patient (Chan et al., 1994; Rugg et al., 1994) , cytolysis occurred in the subnuclear region of the basal cells in blister areas, whereas hemidesmosomes that connect the cell to the extracellular matrix (reviewed in Walko et al., 2015) remained intact with whole nuclei floating amongst the debris from the lysed basal cells (Chan et al., 1994; Rugg et al., 1994) ; this indicates that desmosomes are more resilient to applied forces compared to the intervening and unsupported plasma membrane. Therefore, we interpret these data to suggest that loss of the cytoplasmic keratin network only compromises the cell-cell interface between basal cells of the epidermis, but not their interaction with either the underlying ECM, or the overlying suprabasal cells (Chan et al., 1994; Rugg et al., 1994) . In suprabasal layers, such as the spinous layer, desmosomes can comprise 50% or more of the plasma membrane (Pieperhoff et al., 2010) and, therefore, potentially compensate for the absence of a spoke-rim network formed by keratin filaments.
Possible mechanosensory function of the spoke-and-rim arrangement for cytoplasmic IF networks So far, it has been difficult to determine the relative contribution of the radial spokes compared to that of the circumferential rim of keratin filaments in regard to mechanosensory properties of individual cells. The spokes traverse the cytoplasmic space and, as shown recently in 3D culture of mammary epithelial cells, these keratin IFs cause deep nuclear invaginations and tunnels that pass through the nucleus. The connection of the keratin IFs to the outer nuclear envelope illustrate how cytoplasmic IFs correlate with localized nuclear deformations (Jorgens et al., 2017) . The fact that mechanical strain at the cell periphery alters the nuclear morphology (Isermann and Lammerding, 2013; Maniotis et al., 1997; Osorio and Gomes, 2014) demonstrates that the nucleus is mechanically linked via the cytoplasmic cytoskeleton to the plasma membrane. The nesprins, plectin and LINC complex connect the radial IF component to the nuclear membrane (Ketema and Sonnenberg, 2011; Meinke and Schirmer, 2015) , linking physically the cytoplasmic and nuclear IF networks (Cho et al., 2017) . Specifically, nesprin 1 is required for nuclear anchorage of desmin (Chapman et al., 2014) , whereas nesprin 3 anchors both keratins (Wilhelmsen et al., 2005) and vimentin (Palmisano et al., 2015) via plectin to the nucleus. This supports a role for cytoplasmic IFs in mechanotransduction via the nuclear IF cytoskeleton (Almeida et al., 2015; Aureille et al., 2016) . When we are able to manipulate independently the spoke and the rim components of the keratin network, their relative contribution to any proposed functions in mechanotransduction and/or mechanosensing will become apparent (Hatzfeld et al., 2017; Jorgens et al., 2017) . This will require the careful characterization of the subcellular distribution for individual IF proteins, and their partitioning between the spoke and rim components of the cytoplasmic IF network as an experimental approach to manipulate each component independently (Lovering et al., 2011; Toivola et al., 2000a) . Nevertheless, the first step has been taken in this article by identifying the rim and spoke IFs as distinct − albeit linked − components in the cytoplasmic IF network.
Keratin IFs are a main cytoplasmic, mechanical component in epithelial cells (Lulevich et al., 2010; Ramms et al., 2013) , and the subplasmalemmal keratin network forms as soon as desmosomes are present during development and before any radial IF spokes are apparent (Schwarz et al., 2015) . The subplasmalemmal rim of filaments is, therefore, independent of the formation of the filament spokes. From in vitro systems, it is quite clear that the partnership between membranes and the cytoskeleton is essential (Ko and McCulloch, 2000; Loiseau et al., 2016; Vogel and Schwille, 2012) and, whilst these synthetic biology approaches have largely focused on the actomyosin systems (Vogel and Schwille, 2012) , consideration of IF-membrane networks is essential to complete our understanding given the evidence from cellular systems (Broussard et al., 2017) . However, only once we are able to selectively remove or modify the circumferential rim of keratin filaments whilst maintaining the radial spokes, will we be able to fully explain basal cell cytolysis in the keratin 14 knockout phenotype (Chan et al., 1994; Rugg et al., 1994) and fully describe the mechanotransduction properties of the cytoplasmic IF network. By analogy, compromising the nuclear lamina renders the nuclear envelope susceptible to mechanical stress, specifically at the points on the membrane where lamin support is absent (Denais et al., 2016; Funkhouser et al., 2013) . We predict that compromising the subplasmalemmal rim of IFs will have analogous consequences at the plasma membrane, thereby threatening its mechanical properties and altering the mechanosensory response of the cell.
Evidence from non-epithelial cells and tissues for a subplasmalemmal IF belt Desmosomes are not restricted to epithelia (Garrod and Chidgey, 2008) ; they are also prominent features of the myocardium and Purkinje fibers (Kartenbeck et al., 1983) , as well as meningeal cells (Kartenbeck et al., 1984) . In these cell types, filaments of desmin and vimentin, rather than of keratins, attach to the desmosomes (Kartenbeck et al., 1983 (Kartenbeck et al., , 1984 . Electron microscopy data from meningeal cells (Kartenbeck et al., 1984) , the myocardium and Purkinje fibers (Kartenbeck et al., 1983) demonstrated that IFs are closely apposed and often parallel to the plasma membranes between the desmosomes in these various cells and tissues. For cardiomyocytes (Forbes and Sperelakis, 1975; McNutt and Fawcett, 1969) , the confirmation that these filaments were, indeed, IFs was delivered by immunoelectron microscopy (Kartenbeck et al., 1983 (Kartenbeck et al., , 1984 . These examples suggest that IF composition per se is not important for desmosomal attachment, rather a more important question is whether the desmosome is an absolute requirement for cytoplasmic IFs to be organized in a spoke and rim arrangement.
The term 'subplasmalemmal' was initially used to describe filaments apposed to the plasma membrane in lens fiber cells (Franke et al., 1987b) . The eye lens has IFs comprising vimentin and the beaded filament proteins (Sandilands et al., 1995a,b) and its plasma membranes are enriched in plakoglobin, a key desmosomal component (Cowin et al., 1986; Straub et al., 2003) . Lens fiber cells are, however, special in that they have no cell-cell junctions with the morphological features of desmosomes. They also do not retain their nuclei and, thus, only have an IF network at the plasma membrane (reviewed in Song et al., 2009) . Accordingly, compromising this IF network affects the biomechanical properties of the lens itself, which became softer and more resilient to deformation by increased elasticity (Fudge et al., 2011) . Taken together, it is clear that there is considerable diversity in potential plasma membrane attachment sites for IFs. Note, too, that there is also a blurring of the conventional categorization of cell-cell junctions on the basis of morphology, subcellular location and the tissues/cells in which they are expressed. In the context of the eye lens, it is the subplasmalemmal apposition of IFs in the lens fiber cells that is important (Franke et al., 2013 (Franke et al., , 2015 Straub et al., 2011) .
Therefore, although the plasma membrane attachment sites for cytoplasmic IFs depend on the cellular context, the overall concept is generic and desmosomes are not an absolute requirement for organizing the cytoplasmic IF network. The avian erythrocyte is just such an example and illustrates that even in a cell that is not incorporated into a tissue, there is a prominent association of IFs with the plasma membrane . Unlike their mammalian counterpart, avian erythrocytes remain nucleated and have an IF network comprising vimentin and synemin Woodcock, 1980) . Ankyrin has been implicated as a possible plasma membrane docking site for these IFs (Georgatos and Blobel, 1987b; Georgatos and Marchesi, 1985) . Although the LINC complex was uncharacterized at the time of these studies (Isermann and Lammerding, 2013 ), lamin B was already then identified as a potential nuclear envelope docking site for vimentin (Georgatos and Blobel, 1987a) . Therefore, these are some of the first lines of evidence that IFs are physically connected to the plasma and nuclear membranes. Although the attachment sites at the nuclear and plasma membranes are different, this nevertheless points to a common biological principle -lipid bilayers have to be supported, for example, by vimentin, keratins (Ramms et al., 2013) or lamins (Denais et al., 2016) .
Conclusions and perspectives
Here we have extended the concept of desmosomes as focus points for IFs by highlighting the, thus far unappreciated, element of the IF 'wheel'-namely the circumferential rim of IFs. Although this subplasmalemmal rim has been described in the literature for some time, its significance has not been appreciated, neither in terms of its mechanobiological potential, nor its presence in diverse cell types, such as cardiomyocytes and their derivatives (Purkinje fibers), epithelia and meninges. Here, we have also provided new, complementary electron and high resolution, fluorescence microscopy data (Fig. 2) to help draw attention to the subplasmalemmal cytoplasmic IF network and the experimental approaches needed to study this system. Therefore, our hypothesis is that there are two distinct components to the cytoplasmic IF network found in both epithelial and non-epithelial cells -one that is parallel to the plane of the plasma membrane (the 'rim') and the other (the 'spokes') that emanates from the nucleus and connects to the plasma membrane at discrete sites such as, but not limited to, desmosomes. This is what we term the rim-and-spoke hypothesis to describe the mechanosensory network of cytoplasmic IFs.
As the IF spokes are typically prominent in most cells, the comparably thinner circumferential rim is, therefore, often overlooked. IFs by virtue of their structure, however, are resilient cytoskeletal filaments (Charrier and Janmey, 2016; Fudge et al., 2008) , and the networks they form bend and buckle in response to forces (Nolting et al., 2014) in a phosphorylation-dependent manner (Fois et al., 2013) as key aspects of their connectivity and, therefore, their potential mechanosensory role. A number of questions follow. For instance, do these inter-desmosomal, subplasmalemmal filaments interact directly or indirectly with the plasma membrane? Are any such interactions mediated through linkers, such as plectin (Geerts et al., 1999; Osmanagic-Myers et al., 2015b) , or other cytoskeletal elements, such as actin (Green et al., 1987; Werner et al., 2004) ? Furthermore, how do the IF and actin networks complement each other at the plasma membrane? The rimand-spoke hypothesis provides a framework in which to begin to address these questions and, importantly, identify subplasmalemmal IFs and the circumferential rim as a distinct element in the mechanosensory IF network (Isermann and Lammerding, 2013) .
A fascinating consequence of the hypothesis proposed here is that the cortical interjunctional, subplasmalemmal IFs are part of a tension-spoke network that physically links the plasma membrane compartment to the nucleus (Aureille et al., 2016; Jorgens et al., 2017) . With such a rim of interjunctional filaments in place, the desmosome-filament network can not only help mitigate any compressive and tensile forces experienced by the cell, but could also act as a mechanosensor (Hatzfeld et al., 2017; Jorgens et al., 2017) to amplify and transduce these mechanical inputs from localized plasma membrane regions directly to the LINC complex and nucleus (Meinke and Schirmer, 2015; Osmanagic-Myers et al., 2015a) through the keratin spokes. Thus, just as the nuclear membrane and LINC complex provide the interface for cellular mechanosensory functions (Cho et al., 2017) , the plasma membrane and cortical cytoskeleton could constitute the cell-cell and/or cell-ECM interface. The identification of the cortical subplasmalemmal rim of IFs, therefore, calls for a re-evaluation of IF function in normal and diseased tissues, as well as for updating their potential mechanosensory role(s).
